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Probing Protein Folding
Incorporation of Selenomethionine into Proteins
through Selenohomocysteine-Mediated
Ligation**
Gerard Roelfes and Donald Hilvert*
The chemical synthesis of moderate-sized proteins has
benefited enormously from the development of chemoselec-
tive methods for the ligation of peptide fragments.[1] In this
regard, the reaction of peptide thioesters with peptides
containing an N-terminal cysteine has proved particularly
powerful.[2] The thiol side chain of cysteine attacks the
thioester and subsequent acyl transfer from sulfur to the
amine yields a native peptide bond. Homocysteine,[3] sulfur-
containing auxiliary groups,[4] and selenocysteine[5] have also
been exploited to mediate ligations to thioesters, thus broad-
ening the scope of the method. Herein we show that
selenohomocysteine can also facilitate efficient peptide
ligation (Scheme 1a). Subsequent methylation of the result-
ing selenol affords selenomethionine at the ligation site,
which is a useful probe for NMR spectroscopic[6] and X-ray
crystallographic[7] investigations of biomolecules.
The strategy employed is illustrated by the model ligation
of LYRAG-SEt with selenohomocystine. This reaction was
carried out at a peptide concentration of 1 mm in Tris-HCl
buffer (100 mm, pH 8.5; Tris= tris(hydroxymethyl)aminome-
thane) in the presence of guanidinium chloride (GdmCl; 6m)
and thiophenol (5% v/v). Thiophenol helps to activate the
thioester and also reduces the diselenide to the corresponding
selenol. At pH 7–8, more than 90% conversion was observed
after 4 h, and the reaction was essentially complete within
20 h. Comparable results were obtained with homocysteine in
control experiments.[5] The ligation product was isolated as a
variable mixture of diselenide, a mixed selenosulfide (with
thiophenol), and a species with the mass of the free selenol
that was slowly converted into the diselenide upon exposure
to air. The combined yield was 98%. The reaction was
somewhat slower in a phosphate buffer but also complete
within 24 h. The addition of tris(2-carboxyethyl)phosphane
hydrochloride (TCEP) to reduce the diselenide did not
increase the rate of reaction, but did lead to the formation
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of more side products.[8] The diselenide was methylated under
reducing conditions with methyl 4-nitrobenzenesulfonate,
which has been successfully employed in the conversion of
homocysteine into methionine.[3] Complete conversion was
observed within 30 minutes in the presence of an excess of the
methylating agent (2.5–10 equivalents based on the mono-
meric peptide) and TCEP in a 1:1 mixture of phosphate
(200 mm, pH 6.0) and acetonitrile. The pure selenomethio-
nine-containing hexapeptide was obtained from the reaction
in 66% yield. Larger excesses of the methylating agent,
higher pH values, or longer reaction times resulted in a lower
yield and gave rise to numerous side products. That side
reactions can be minimized by performing the reaction at a
relatively low pH value, because of the low pKa values of
selenols, is an advantage over the methylation of homocys-
teine.
The utility of the selenohomocysteine ligation strategy
was demonstrated by the synthesis of seleno-bPP, a variant of
bovine pancreatic polypeptide (bPP) that contains selenome-
thionine at position 17 as a spectroscopic probe for folding
studies. bPP is a member of the neuropeptide Y (NPY)
family,[9] involved in the regulation of food uptake.[10] It is 36
amino acids long, has methionine groups at positions 17 and
30, and has a C-terminal carboxamide group. At high
concentrations bPP is homodimeric[11] and each monomer
adopts the so-called pancreatic-polypeptide (PP) fold
(Scheme 1b), which consists of a polyproline helix docked
onto the hydrophobic face of an a helix.[12]
Seleno-bPP was synthesized as shown in Scheme 1a. The
bPP(1-16) fragment activated as a C-terminal thioester 1b
and bPP(17-36) containing an N-terminal selenohomocys-
teine 2b were assembled on a safety-catch resin and Rink-
amide resin, respectively, using standard Fmoc chemistry with
HBTU/HOBt activation (Fmoc= 9-fluorenylmethoxycar-
bonyl, HBTU=O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyl-
uronium hexafluorophosphate, HOBt= 1-hydroxy-1H-
benzotriazole). Compound 2b was stored as a diselenide
and was regenerated in situ by reduction with excess thio-
phenol in the standard ligation buffer (Tris-HCl (100 mm),
GdmCl (6m), pH 8.5). As expected for ligations involving
glutamine thioesters,[13] the reaction with 1b was considerably
slower than the model ligation with LYRAG-SEt. However,
full conversion could be achieved when a fourfold excess of
the thioester was employed and the reaction was allowed to
proceed for at least five days. This procedure yielded the
expected ligation product as the diselenide and a mixed
selenosulfide (with thiophenol) in a combined yield of 59%
after purification. Both compounds were methylated inde-
pendently with a tenfold excess of methyl 4-nitrobenzenesul-
fonate under the conditions described above to give the
selenomethionine-containing bPP derivative in 78% yield.
The identity of the final product was confirmed by electro-
spray-ionization mass spectroscopy (ESI-MS; found: m/z
4272.2, calcd for average isotope distribution: m/z 4273.6).
Seleno-bPP is homodimeric as determined by conven-
tional sedimentation-equilibrium analytical ultracentrifuga-
tion,[14] and its circular dichroism (CD) spectrum is identical
to that reported for native bPP.[15] It undergoes reversible
unfolding in the presence of guanidinium chloride.[14] The
denaturation was monitored by CD, which showed a broad
transition region. Fitting the data to a two-state model gave
DG(H2O)= 2.67 0.08 kcalmol1, m= 705 calmol1m1, and
[GdmCl]1/2= 3.8m.
The unfolding of seleno-bPP was monitored as a function
of GdmCl concentration by 77Se NMR spectroscopy, which
revealed equilibrium details that were not observable by CD
spectroscopy (Figure 1). Relatively high protein concentra-
tions (10.5–12.5 mm) were required as a result of the low
natural abundance of 77Se (7.58%). Nevertheless, in the
absence of denaturant, the 77Se NMR spectrum of the protein
exhibits a single signal at d= 46 ppm with a linewidth of
101 Hz. In GdmCl (6m) a cluster of peaks in the vicinity of the
signal for free selenomethionine in solution (d= 76.8 ppm
under the same conditions) is observed. Apparently, the
denatured state in this case consists of several discrete
conformations that are stable on the NMR time scale. At
intermediate GdmCl concentrations covering the transition
region of the CD unfolding curve, two very broad peaks are
evident, which indicate the presence of multiple species that
interconvert only slowly. As the GdmCl concentration is
increased, the intensity of the signal at d 70 ppm increases
relative to that at higher field and can thus be confidently
assigned to the denatured protein. This signal is also subject to
a modest downfield shift, which can be ascribed to the
presence of GdmCl, as it parallels the d= 4.5 ppm downfield
Scheme 1. a) Schematic representation of a selenohomocysteine-liga-
tion–methylation strategy. Model reaction: peptide 1=LYRAG, pep-
tide 2= -CO2H; seleno-bPP: peptide 1=bPP(1-16), APLEPEYPGDNAT-
PEQ-SEt, peptide 2=bPP(18-36), -AQYAAELRRYINMLTRPRY-NH2;
b) MOLMOL[17] representation of the proposed structure of monomeric
seleno-bPP based on the NMR structure of bPP from Ref. [12], which
shows the position of the selenomethionine within the typical PP fold.
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shift seen for free selenomethionine as the GdmCl concen-
tration is increased from 0 to 6m. The higher-field signal in the
partially denatured samples is less readily assigned. However,
based on the observed line broadening and chemical shifts it
presumably represents an intermediate state that exhibits
considerable dynamic behavior and is possibly in rapid
equilibrium with the native protein.
A possible explanation for these observations is shown in
Figure 2. The unfolding of the native dimeric protein (A)
proceeds via an intermediate that further unfolds to give the
denatured state (D). The intermediate could either be a
monomeric species (B), or perhaps more likely, a dimer (C) in
which the polyproline helices are no longer backfolded on the
a helix, analogous to the structure of NPY.[16] A dynamic
mixture of several intermediates is also possible.
In summary, selenohomocysteine-mediated ligation of
peptides, followed by methylation of the resulting selenol,
provides ready access to selenomethionine-containing pep-
tides. The advantage of this strategy over the commonly used
biosynthetic approach, with methionine auxotrophic strains
supplemented with selenomethionine, is that it allows the site-
selective introduction of a single selenomethionine into
proteins in the presence of other methionines. As shown
with seleno-bPP, this residue can provide unique information
about the structure and dynamics of protein molecules.
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Figure 1. 77Se NMR spectra of seleno-bPP at different GdmCl concen-
trations. Samples were measured in a solution of acetate in D2O
(150 mm, pH 4.2; uncorrected for the D effect) at 25 8C. Spectra were
recorded at 95 MHz and the chemical shifts were referenced externally
against Me2Se (60% v/v) in CHCl3. Chemical shifts were not corrected
for the medium effect of GdmCl.
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